Nitrobacter winogradskyi is a chemolithotrophic bacterium that plays a role in the 15 nitrogen cycle by oxidizing nitrite to nitrate. Here, we demonstrate a functional N-acyl-16 homoserine lactone (acyl-HSL) synthase in this bacterium. The N. winogradskyi genome 17
The fate of nitrogen in aquatic and terrestrial environments is dependent on the 38 microbial-driven process of nitrification. Aerobic nitrification is carried out primarily by 39 diverse, chemolithotrophic microorganisms in a two-step process with ammonia (NH 3 ) 40 being converted to nitrite (NO 2 -) and then to nitrate (NO 3 -) (1-3). Two physiologically 41 distinct and diverse groups of organisms participate: the ammonia oxidizers, bacteria 42 (AOB) and archaea (AOA), and nitrite-oxidizing bacteria (NOB) (1-3). Coupling of NH 3 43 oxidation to NO 2 -oxidation is important to provide energy and reductant for both 44 nitrification partners, to avoid the inhibitory effects of NO 2 -accumulation on AOB and 45 AOA, and to control the availability of NO 3 -for plant growth (1-4). The process of 46 nitrification is mostly well-coupled in natural environments as NO 2 -rarely accumulates 47 (5, 6). However, environmental fluctuations and stresses can result in uncoupling and 48 Erlenmeyer flasks in a rotatory shaker at 100 RPM at 28 ºC. Experimental cultures were 135 monitored every 24 h to check OD 600 , NO 2 -concentration by the Griess assay as 136 described (34), and for presence of acyl-HSL (bioassay). Cells were harvested for RNA 137 extraction from batch cultures on days 2, 4, and 6 growing at three different approximate 138 growth rates (Fast: day 2, OD 600 ≈ 0.00387, T d ≈ 0.67 days; Medium: day 4, OD 600 ≈ 139 0.0330, T d ≈ 1.75 days; and Slow: day 6, OD 600 ≈ 0.0458, T d ≈ 2.20 days). Growth rate 140 was calculated using the equation: T d = (t 2 -t 1 )•(log(2)/log(q 2 /q 1 )) where OD 600 is used 141 for cell density q and time t is in days. T d was calculated based on the change in cell 142 density from the previous day. 143
144
RNA extraction and quantitative PCR (qPCR). RNA was extracted as described 145 previously with minor modifications (33). Briefly, bacterial cells were collected and 146 concentrated by centrifugation, lysed via sonication, and RNA was purified with an 147
RNeasy mini kit (Qiagen, Germantown, MD) as recommended by the manufacturer. 148
Transcript levels were analyzed by a two-step reverse transcription qPCR procedure 149 using a CFX96 Touch real-time PCR system with SYBR Green-I-based detection kits 150 with an equal volume of acidified ethyl acetate as previously described (37). Extracts 167 were dried down under filtered air, reconstituted to a 100X stock, and screened for 168 acyl-HSLs (at 1X concentration) by broad-range Agrobacterium bioassay (via a ß-169 galactosidase reporter system) as described previously (25, 26) . Briefly, the cell lysate 170 from the bioassay is used to perform a Miller assay to detect ß-galactosidase activity by 171 adding ONPG, measuring the time to observe a color change, and measuring OD 420 . 172 The Agrobacterium bioassay used in this study was previously shown to detect at least 175 thirty-two acyl-HSLs and acyl-HSL analogs (25, 38) . 176 177 Ultra-performance liquid chromatography, information-dependent acquisition, 178 mass spectrometry (UPLC-IDA-MS). Acyl-HSL signal structure was identified as 179 Samples (volume = 10 µL) were separated on a Synergi C 12 reverse-phase column 187 (250 X 1 mm, particle size: 4 microns, Phenomenex, Torrance, CA) using a Nexera LC-188 30AD UPLC (Shimadzu, Kyoto, Japan). The elution program consisted of water with 5% 189 acetonitrile for 2 min, followed by a linear increase to 90% acetonitrile over 30 min, a 190 hold of 15 min at 90% acetonitrile, and re-equilibrated for 15 min at 5% acetonitrile. We reasoned that the cognate signal receptor genes, usually found adjacent to the 236 autoinducer synthase in the genomes of characterized acyl-HSL-producing 237 microorganisms, would form similar clades as they generally evolve together (53). We 238 used the same pipeline outlined above to construct a phylogenetic tree of various LuxR 239 homologues (Fig. 1B) . While the nodes and branches of the receptor tree are different, 240 each cognate signal receptor can be found in the same clade as the signal synthase genes, 241 albeit with poor bootstrap support ( at different cell densities, we chose a chemostat culture maintained at a constant growth 248 rate. By making NO 2 -the growth-limiting nutrient in chemostat culture and reducing its 249 concentration in the medium reservoir, we altered the steady-state cell density while 250 keeping the dilution rate constant for a steady-state doubling time (T d ) of 1.93 days. 251
We found that nwiI was induced in a cell-density-dependent manner ( Fig. 2A) . In 252 the chemostat, expression of nwiI was induced greater than ten-fold at medium 253 (OD 600 ≈ 0.012) and high (0.069) cell densities compared to low (0.0056) cell density 254 ( Fig. 2A) . However, nwiR showed no change in gene expression in response to cell 255 density under these conditions ( Fig. 2A) . Next, we measured acyl-HSL concentration 256 during chemostat culture using a broad-range, ultra-sensitive A. tumefaciens bioassay that 257 has been shown to detect a wide variety of acyl-HSLs of various chain length, saturation, 258 and oxidation states (25, 38). Because the bioassay responds differently to different acyl-259
HSLs, quantification of specific signal populations was not possible so signal 260
concentrations were expressed as Miller units (see Bioassay section in Materials and 261
Methods) (25). A significant increase in acyl-HSL concentration was detected when cell 262 density increased in response to increasing NO 2 -concentration (Fig. 2B) . A two-fold 263 increase in cell density caused by increasing NO 2 -from 5 to 12 mM, resulted in a six-fold 264 increase in total acyl-HSL. There was a ten-fold increase when comparing the lowest and 265 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from 13 highest cell densities (Fig. 2B) . When we calculated acyl-HSL produced per day, 266 normalized to optical density, there was significantly more acyl-HSL being produced at 267 medium cell density than at the other densities (Fig. 2C) . 268 269 nwiI and nwiR expression and acyl-HSL production are cell-density-and 270 growth-phase-dependent during batch culture. Absence of nwiR induction during 271 chemostat culture led us to investigate gene expression and acyl-HSL production during 272 batch culture, where growth rate is dynamic. We mimicked the different cell densities 273 achieved in the chemostats by extracting RNA from batch cultures after they achieved 274 similar cell densities (see Materials and Methods), which corresponded to different 275 growth phases (Fig. 3A, x-axis) . Compared to the chemostat data, we detected similar 276 cell-density-dependent induction of nwiI when measuring gene expression and presence 277 of acyl-HSL during batch culture, but the growth rate of the batch cultures (based on the 278 slope of the growth curve) had a profound effect (Fig. 3) . Both nwiI and nwiR were 279 induced approximately five-fold at medium cell density compared to low density, but, 280 when growth rate decreased at high cell density, expression of both genes decreased (Fig.  281   3A) . 282
To further characterize induction of acyl-HSL synthesis during batch culture, we 283 measured acyl-HSL accumulation throughout batch growth. Similar to the chemostat, 284 acyl-HSL significantly accumulated during a two-fold increase in OD 600 from low cell 285 density (Fig. 3B) . On day three, acyl-HSL increased six-fold compared to day two, and 286 on day four there had been a four-fold increase in the amount of acyl-HSL compared to 287 day 3 (Fig. 3B) . When we calculated acyl-HSL produced per day, normalized to optical 288 on September 23, 2017 by guest http://aem.asm.org/ Downloaded from 14 density, a significant spike in acyl-HSL production was observed on day four (Fig. 3C) . 289
This increase in acyl-HSL level coincided with the transition to a slower growth rate as 290
shown by plotting log OD 600 against time (Fig. 3C, circled data) . The increase of 291 acyl-HSL also coincided with an increase in expression of nwiI and nwiR (Fig. 3A) . 292
Interestingly, acyl-HSL production significantly decreases on day 5 followed by an 293 eventual decrease in acyl-HSL concentration on days 8 and 9 (Fig. 3C) . 294
Closer examination of the data showed that expression of nwiI and nwiR was 295 sensitive to growth phase during both batch and chemostat culture. When cells were 296 growing quickly at low density in batch culture, both genes were expressed at low levels 297 (Fig. 3A) . (Table 1) . Semi-quantitative measurement of the intensity of each compound's peak 310 suggested C 10:1 -HSL was the predominant autoinducer (Table 1) pattern from a synthetic C 10 -HSL standard was compared to C 10 -HSL from N. 315 winogradskyi (Fig. 5A, B, respectively) at m/z 238, 155, and 137, respectively (Fig. 5A, B ). We were unable to find a C 10:1 -HSL 318 standard for comparison, but XIC fragmentation pattern supports our conclusion (Fig.  319   5C (Fig. 5C ). In addition, we identified the position of the 322 C=C bond in the acyl chain between carbon 9 and carbon 10 based on the ion 323 fragmentation model presented in a previous study on unsaturated acyl-HSLs by Cataldi 324 et al. (Fig. 5C, chemical structure) (40) . Unfortunately, our analysis was unable to clarify 325 the isomeric form of the C=C bond of C 10:1 -HSL. 326
Finally, to further confirm the identity of an unsaturated acyl-HSL, acyl-HSL 327 extracts were treated with bromine aqueous solution and examined by UPLC-IDA-MS. 328 HSLs by N. winogradskyi may simply be the result of a larger than usual pool of 350 unsaturated fatty acids. N. winogradskyi contains a complex membrane system and, when 351 its fatty acid methyl ester (FAME) profile was analyzed, greater than 90% of the pool 352 was unsaturated (Table S1) (Fig. 3B) . 365
Our data also suggest that acyl-HSL production per cell is affected by both cell 366 density and growth phase. For example, the chemostat experiments suggest that 367 acyl-HSL production is highest at a "medium" cell density (OD 600 = 0.0119) 368 corresponding with a T d = 1.93 days (Fig. 2C) . A similar result was observed during 369 batch culture on day 4, when the T d of the culture was 1.75 days (Fig. 3C) . Equally 370 intriguing is the sharp decrease in production and concentration of acyl-HSL when cells 371 enter deep stationary phase (Fig. 3C, days 5-9 ). This growth-phase-dependent decrease in 372 acyl-HSL resembles the las system in Pseudomonas aeruginosa where the production 373 and concentration of the autoinducer 3-oxo-C 12 -HSL decreases at a slow growth rate 374 (14). Both studies may hint at biotic degradation of acyl-HSL via production of acylase 375 or lactonase, similar to the phenomenon observed in the AOB Nitrosospira multiformis, 376 especially since abiotic decay due to pH was negligible (19, (58) (59) (60) . expression is much more sensitive to growth phase, and decreases when growth rate 382 becomes slower than a T d of 1.75 days (Fig. 4) . The expression of nwiI and production of 383 acyl-HSL decreased after this growth phase transition following the decrease in 384 expression of nwiR (Fig. 3C, 4) . Differences in expression of nwiI and nwiR suggest that, 385 like many LuxI/R QS systems, their transcriptional regulation is complex (10, 61-63). 386
Precisely-timed expression of nwiR during, and after, transition to slow growth is likely 387 critical for QS-controlled gene expression, but further studies are needed to identify QS-388 regulated genes. 
